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Introduction
Antioxidants, chemical substances that reduce or prevent oxidation, attract much attention since aging and degenerative diseases are related to the oxidation of biological components induced by reactive oxygen species (ROS). In general, biological important ROS generated in vivo, such as hydroxyl (HO•) and peroxyl (ROO•) radicals, are highly unstable and reactive and can cause damage at various sites in the cells [1] . As it is known, their reactions with biological molecules are implicated in various degenerative human diseases [2, 3] and the metabolic oxidative stress is involved, directly or indirectly, in the causation and progression of cataracts, cardiovascular and neuronal diseases, asthma, atherosclerosis, rheumatoid arthritis and several forms of cancer [1, 4] . To prevent these deleterious effects, a large variety of antioxidants [5] are used. However, probably due to the low bioavailability of the most antioxidant agents to the brain (because of the bloodbrain barrier), only a few of them have been employed in the treatment of cerebral disorders and the history of their use is still short [6, 7] . Few years ago the range of both naturally occurring and synthetic antioxidants applied in clinical settings has appreciably expanded and received increasing attention [8] [9] [10] [11] [12] [13] [14] . Moreover, currently, efforts are likely to be directed at finding more powerful antioxidant substances and also to investigate the free-radical-scavenging and antioxidant properties of existing drugs in order to enhance their applicability as antioxidants [15, 16] and improve their therapeutic applications [17] . Also, different type assays have been developed for the in vitro evaluation reports of antiradical and antioxidant activity for various classes of compounds [18, 19] under relatively simple and controlled conditions. It is well accepted that some classes of compounds display antioxidant activity as a result of their capacity to scavenge free radicals [20] although other mechanisms
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Comprehensive evaluation of biogenic amines and related drugs' antiradical activity using reactive 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical (as ROS-oxidizable substrate interactions or related to electrochemical behavior) may be involved [21] . In vitro tests comprise a large group of antiradical activity determinations [22, 23] and they still arouse scientist's interest as they are very useful even for preliminary analysis. These methods have been used for many decades to study the mechanism of hydrogen-atom donation from certain substances or the antioxidant activity evaluation for compounds with -SH, -OH and -NH groups [24] . The DPPH • method [25] presents the advantages of using a stable and commercially available free radical, is easy to perform, highly reproducible and, in most of the cases, the results are comparable with those provided by other methods [26] [27] [28] .
In the above mentioned considerations, the objective of this study is to evaluate the radical scavenging activity of biogenic amines and related drugs and compare their antiradical activity with those of reference antioxidants based on structure and kinetic considerations regarding the reaction with DPPH
• . In addition, the results obtained in this study for a large number of relevant compounds add a real and useful contribution to the data collection concerning the DPPH radical scavenging activity.
Experimental procedure

Chemicals and solutions
All chemicals were of analytical reagent grade. Standard biogenic amines (tyramine, 3-methoxytyramine hydrochloride, dopamine hydrochloride, (±)-octopamine hydrochloride, (-)-norepinephrine, (-)-epinephrine, isoprenaline hydrochloride, (-)-3,4-dihydroxynorephedrine (levonordefrin), 3',4'-dihydroxy-2-(methylamino)acetophenone hydrochloride (adrenalone), 3,4-dihydroxy-D-phenyl-alanine (D-dopa), S-(-)-carbidopa and D-tyrosine), phenolic compounds (phenol, pyrocatechol (catechol), resorcinol, hydroquinone, pyrogallol, gallic acid and caffeic acid), flavonols (kaempferol and quercetin) and some reference antioxidants (ascorbic acid, (±)-6-hydroxy-2,5,7,8-tetramethylcromane-2-carboxylic acid (trolox) and (+)-α-tocopherol) were purchased from Sigma-Aldrich (Steinheim, Germany). 2,2-diphenyl-1-picrylhydrazyl free radical (95%) was from Alfa Aesar (Karlsruhe, Germany). Analytical-grade methanol was purchased from Chemical Company (Iaşi, Romania).
For the DPPH • assay a 0.15 mM solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH • ) was prepared in methanol. Stock solutions of 1×10 -3 M concentration were prepared for each of the investigated compounds by dissolving appropriate required amount of standard in 100 mL methanol in all cases. Working solutions of different concentrations (in range 2×10
-5 M -10 -4 M) were prepared daily by rigorous dilution of the stock solution in all cases.
Equipment
For the spectrophotometric measurements a Jasco V-550 UV-VIS (double beam system with single monochromator) spectrophotometer (Tokyo, Japan), in the absorbance photometric mode was used.
DPPH
•
radical-scavenging assay
The radical scavenging activity of the investigated compounds (AH) was determined based on the rapid 2,2-diphenyl-1-picrylhydrazyl (DPPH • ) test developed for the antioxidant activity evaluation of phenolic compounds [24] . The decrease in the absorbance, at 516 nm of the DPPH radical solution in methanol, after addition of the AH was measured and used for further investigations. • solution (2 mL) with additional methanol (1 mL) served as the control. The DPPH • stock solution was prepared daily and protected from light throughout the analysis time in order to minimize the loss of free radical activity. All measurements were performed in duplicate and the reactions were carried out at room temperature (22 o C).
Antiradical activity evaluation parameters
The radical scavenging activity of the investigated compounds was expressed initially in terms of percent relative activity (% RSA) (defined as: -5 M -10 -4 M), the reaction kinetics was plotted considering a 30 min reaction period. From these graphs, the percentage of DPPH
• (% DPPH
• rem , defined as: % DPPH
• rem = (A f /A 0 )×100, were A 0 and A f correspond to the absorbance values of the radical at the beginning (t = 0) and respectively (t = 30) min of reaction after the addition of the antioxidant) remaining after 30 min reaction period was determined and the obtained values were plotted as a function of the antioxidant concentration. The antiradical activity of the investigated compounds was evaluated by efficient concentration parameters (EC 50 , defined as the amount of antioxidant necessary to decrease the initial DPPH
• concentration by 50%) [29] derived from the adequate linear range of the %DPPH
• rem /antioxidant concentration representation, in all cases. This parameter is inversely related to the antioxidant capacity of reactive species, the lower EC 50 values indicating the higher antioxidant activity of the compound. The investigated amines, related drugs and reference antioxidants structures are presented in Tables 1 and 2 .
Results and discussion
Antiradical activity assessment
A comprehensive evaluation of radical scavenging activity of biogenic amines and related drugs was developed based on the experimental results obtained with the DPPH
• test and using some reference antioxidants for the comparative purpose. Also, different concentrations of the investigated compounds, expressed as the number of antioxidant moles per mole of DPPH
.07; 0.13 and 0.23 mol mol -1 ) were used and the concentration effect on the ability of compounds to scavenge the DPPH
• (% RSA) was monitored during the 30 min reaction period. According to the obtained results, different activity toward the DPPH
• were observed for the investigated amines. Also, the amines with the highest antiradical activity (% RSA > 60% for the molar ratio 0.13 and % RSA >74% for the molar ratio 0.23) are those with a catecholic structure (dopamine, norepinephrine, epinephrine, adrenalone, D-dopa and S-(-)-carbidopa) while the amines without an ortho substituent (tyramine, octopamine, phenylephrine and D-tyrosine) show the lowest activity (% RSA < 5%) in all cases. As it was expected, the presence of methoxy group in ortho position (case of 3-methoxytyramine) gives a moderate activity (% RSA = 21.4±0.6% and % RSA =26.8±1.2% for the molar ratio 0.13 and 0.23 respectively). Unexpected results were observed for levonordefrin (amine with a catecholic structure) with show only a moderate activity (% RSA = 26.6±0.2% and respectively % RSA = 37.2±0.4% in case of 0.13 and 0.23 molar ratios respectively). This different behavior may be attributed to the molecular geometry of the compound. The assumption is supported by the steric accessibility of DPPH radical that was reported to play a major determinant role in the reaction mechanism with certain compounds [30] .
For the reference antioxidants, those with catecholic structure (catehol, pyrogallol, gallic acid, caffeic acid and quercetin) showed the highest activity (% RSA > 47% for the molar ratio 0.13 and % RSA > 85% for the molar ratio 0.23) while the antioxidants without an ortho substitute or without catecholic group (kaempferol, ascorbic acid, trolox and (+)-α-tocopherol) showed only a moderate activity (% RSA < 32% and % RSA < 60% for the molar ratio 0.13 and 0.23 respectively).
Through a detailed %RSA profile representation (Fig. 1) it could be observed that the activity order of the investigated amines was slightly affected by the reaction period at high concentration (molar ratio [AH]/ [DPPH • ] = 0.23 mol mol -1 ) investigated. Also, adrenalone showed the highest radical scavenging activity even in the first 10 min while D-dopa, dopamine, isoprenaline and S-(-)-carbidopa were change their order of activity during the period time of investigation (30 min) (Fig. 1c) . In all cases, the compounds phenylephrine, D-tyrosine, octopamine and tyramine showed the lowest activity toward the DPPH
• radical. For the reference antioxidants, the obtained results revealed that their DPPH
• radical scavenging activity increasing concomitantly with the molar ratio and reaction period. Quercetin (from flavonols group) proved to have the highest activity and was followed by gallic acid (from phenolic acids group), catechol (from phenols group), trolox and ascorbic acid respectively for all of the investigated [AH]/[DPPH • ] molar ratio during the entire analysis time (Fig. 1) .
By a comparative evaluation with the reference antioxidants it can assume that concentration parameter constitute an important factor regarding the relative order of radical scavenging activity for the investigated amines and related drugs. Also, the efficient concentration (EC 50 ) parameter has been estimated for biogenic amines and their related drugs and also for the antioxidants previous selected as references. For this reason, different concentrations of investigated compounds were selected from the linear part of the DPPH Comprehensive evaluation of biogenic amines and related drugs' antiradical activity using reactive 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical Comprehensive evaluation of biogenic amines and related drugs' antiradical activity using reactive 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical same as reported by literature [33, 34] and in certain cases the obtained values are in good agreement with those reported by some authors (see Table 3 ). Moreover, the results obtained in case of biogenic amines neurotransmitters (dopamine, norepinephrine and epinephrine) and their related drug isoprenaline were found to be in good agreement with the previous findings, their antioxidant activity being comparable with the activity of pyrogallol and caffeic acid respectively. In addition, D-dopa, adrenalone and S-(-)-carbidopa drugs showed the highest antioxidant activity, the first one being more antioxidant than quercetin and the other two more antioxidant than gallic acid.
Kinetic profiles study assessment
The differences observed in radical scavenging activity of structurally related amines can be attributed principally to the substituents in the aromatic ring and also to the side chain that can affect not only activity but also the reaction kinetics. For more insights in these findings, a kinetic profile study was developed.
The evaluation of reaction kinetics in case of different relative concentrations (molar ratio [AH]/[DPPH
• ] = 0.07, 0.13 and 0.23 mol mol -1 , respectively) revealed that the mechanism depends on the nature of the antioxidant being tested. Three types of behavior were observed for all of the investigated concentrations (Fig. 2) • taking more than 30 min to reach a steady state. Generally, the initial tract, can be attributed to direct abstraction of phenol H-atom (HAT reactions) followed by electron transfer process from ArOH or its peroxide anion (ArO -) to DPPH • (ET mechanism) [23, 31] . The subsequent decay of the DPPH
• absorbance, were generally attributed (in case of phenolic compounds) to possible slow reactions from the product of dimerization of ArO
• or from the products of electron transfer reaction.
As it is known, the substitutes in the aromatic ring affect the activity of compounds toward the stable radicals, but in case of compounds possessing both OH and NH functions, the reaction mechanism can be more complicated. Also, at low concentration ([AH]/[DPPH • ]= 0.07 mol mol -1 , Fig. 2A(a) ), kinetic profiles revealed that presence of primary (-NH 2 ) or secondary (-NH-) amino group in the side chain increase the activity of amines towards the DPPH
• (the activity order: isoprenaline <epinephrine < norepinephrine < pyrogallol < dopamine). These findings may also indicate the possible slow rate involvement of the amino group in the reaction with DPPH
• . These are supported by the catecholamines (dopamine, norepinephrine epinephrine and isoprenaline) that are more active than cathecol, their activity being comparable with the activity of pyrogallol. In addition, presence of the hydroxyl in the side chain (norepinephrine versus dopamine) highlighted a slight difference in the reaction mechanism profile but not increase the activity of norepinephrine. The implication of hydroxyl and amino groups in the kinetic processes of radical-induced oxidation was also speculated in some experimental works and some evaluations were made based on dissociation energy of O-H and N-H bonds [32] . Moreover, it could be observed that the presence of carboxyl group (-COOH) (case of gallic acid, D-dopa Comprehensive evaluation of biogenic amines and related drugs' antiradical activity using reactive 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical and S-(-)-carbidopa) and particularly ketone one (case of quercetin and adrenalone) increase the radical scavenging reactivity. Also, the compounds possessing such groups proved to be the most active in all cases ( Fig. 2A(a) ).
When the molar ratio [AH]/[DPPH
• ] was increased to 0.23 mol mol -1 , the most significant differences were highlighted in the reaction mechanism of D-dopa and catechol during the investigated reaction period (30 minutes). While at low concentration D-dopa proved to possess a fast reactivity and a higher antiradical activity than quercetin during the first minutes of the reaction with DPPH
• (Fig. 2A) , it become less active even than caffeic acid (in the first 20 minutes) at a high [AH]/[DPPH • ] molar ratio concentration (Fig. 2C) . 
Reaction stoichiometry assessment
The reaction stoichiometry was obtained by multiplying the EC 50 of each antioxidant by two which gives the theoretical efficient concentration of each antioxidant needed to reduce 100% of the DPPH
• [29]. In Table 3 , these values are presented for all the investigated compounds together with their inverse values (the number of DPPH
• moles reduced by one mole of antioxidant). The obtained results are in good agreement with those reported in literature [29] : one molecule of ascorbic acid reduces nearly two DPPH
• molecules (with a 0.40 stoichiometry); caffeic acid reduces four DPPH
• molecules (with a 0.24 stoichiometry) and gallic acid reduces six DPPH
• molecules (with a 0.16 stoichiometry). (+)-α-Tocopherol has a stoichiometry of 0.56 reducing nearly two DPPH
• molecules although it has only one available hydroxyl group. Similar results were reported also for δ-tocopherol in which case a dimerization may occur between two tocopherol radicals [29] .
Based on the above observations and according to the obtained results, the catecholamines reduces nearly four DPPH
• molecules (with a 0.22 stoichiometry) and active related drugs (D-dopa, adrenalone and S-(-)-carbidopa) reduces nearly nine, eight and six DPPH
• molecules (with a stoichiometry of 0.11, 0.13 and 0.16, respectively). Despite the fact that they have no more than three hydroxyl groups available, the obtained values are comparable with those of the most powerful antioxidants quercetin and gallic acid (Table 3) . Related to the above findings we suppose involvement of a dimerization step between two phenoxyl radicals followed by regeneration of two hydroxyl groups (by an intramolecular transfer of H) [29] in the complex reaction kinetic of amines with DPPH
• similarly as for phenol related compounds.
By the physiological importance of the investigated amines and related drugs and the consideration that the largest radical-scavenging activity of dopamine was demonstrated to be important in protection of DNA damage by ROS [13] , the presented results could be used for future investigations in this research direction.
Conclusions
The comprehensive radical scavenging study developed for biogenic amines and related drugs clearly shows that these compounds exhibit stronger antiradical activity, some of them being more powerful than reference antioxidants as ascorbic acid, gallic acid or quercetin.
Our results indicated that the duration and the molar ratio [AH]/[DPPH
• ] may affect the relative differences or the order of activity among the investigated amines. Also, the catecholamines and especially their related drugs (D-dopa, adrenalone, S-(-)-carbidopa and isoprenaline) proved to show a fast reactivity and significant antiradical activity even in low concentrations. Some of them (epinephrine, norepinephrine and dopamine) were found to be more active than ascorbic and caffeic acids while the related drugs D-dopa, adrenalone and S-(-)-carbidopa proved to be more active than gallic acid. Generally the free radical scavenging activity of the investigated compounds increased significantly with the numbers of hydroxyl groups or catechol moieties and also with the presence of other hydrogen-donating groups (as amino or carboxyl) in the molecule. Although the developed study proved the powerful of biogenic amines and their related drugs as radical scavengers and potential antioxidants for future investigations and various bio-pharmaceutical applications, their kinetic reactions and the stoichiometry still remains difficult to interpret with regard to experimental conditions or biological context.
